The concept that the cerebral circulation could be influenced by a central mechanism was pro posed by Luys (1879) . An experimental study by LeBeau and Rabinovitch ([ 949) suggested that the hypothalamus is involved in the regulation of the cerebral circulation. Subsequently Ingvar and So derberg (1958) demonstrated by stimulation experi ments that areas within the lower brainstem can alter CBF. Recently it has been shown that stimula tion of discrete areas within the parabrachial nu cleus in the pons can alter CBF with or without par allel changes in metabolism (Mraovitch et aI., 1983; Reis et aI., 1985) . Further ladecola et al. (1983) have shown that a center in the dorsal medullary reticular formation can change cerebral metabolism with secondary effects on flow. Pool (1958) in his discussion of possible mecha nisms behind cerebral vasospasm suggested that the brainstem could play a role in the development animals 2 days post SAH. were not seen in the lesioned animals after the SAH. The findings indicate that the A l and A2 nuclei. which project to the hypothalamus-pitui tary. are essential for the flow and metabolic changes after an SAH. The lesions per se did not change baseline flow and metabolism as compared with sham-Iesioned animals. Key Words: Autoradiography-Brainstem le sions-Catecholamines-Cerebral blood How-Cere bral metabolic rate for glucose-Subarachnoid hemor rhage.
of spasm. In a previous communication (Svend gaard et aI., 1985) , using a rat subarachnoid hemor rhage (SAH) model. we have shown that nuclei in the lower brainstem play an essential role in the de velopment of spasm post SAH. The aim of the present study is to investigate if brainstem centers are also involved in the CBF and metabolic changes that occur after an SAH (Grubb et aI., 1977; Del gado et aI., 1986; Sahlin et aI., 1986) .
MATERIALS AND METHODS
The experiments were performed on male Sprague Dawley rats (SPF strain; Mpllegaards Avlslaboratorium, Kpge, Denmark) weighing between 260 and 320 g. The animals were fasted for 12-18 h before the CBF and/or CMRg1u studies.
Stereotaxic lesions
A Kopf stereotaxic frame was used. The lesions were made under barbiturate anesthesia (Brietal, 40 mg/kg i.p.; Lilly, Indianapolis. Indiana. U.S.A.).
Bilateral lesions of the ascending catecholamine pathways in the mesencephalon. The ascending catechol amine (CA) fibers from the medulla oblongata and pons were lesioned at the level of the caudal mesencephalon rostral to the locus ceruleus and subceruleus area (Fig. I . lesion I). 6-Hydroxydopamine (6-0HDA) (8 fLg in 4 fLI of saline containing 0.2 mg/ml ascorbic acid) was injected bilaterally. With the toothbar at zero, the following coor dinates were used for the injections: 0.5 mm rostral to the interaural line, 1.1 mm lateral to the midline, and 6.5 mm down from the dura. In the sham-Iesioned animals, only the solvent was injected.
Bilateral lesions of the ascending CA fihers fr om Al and A2 in the medulla ohlongata. The ascending CA fibers from A l and A2 [nomenclature according to Dahl strom and Fuxe (1964) ] were lesioned in the medulla ob longata (Fig. 1, lesion 2) . The lesions were produced by injecting 6-0HDA (3 fLg in 1.5 fLl of saline containing 0.2 mg/ml ascorbic acid) at 7.2 and 8 mm below the dura. The toothbar was kept at zero and the coordinates were as follows: 2.3 mm caudal to the interaural line and 1.1 mm lateral to the midline. In the sham-lesioned animals, only the solvent was injected.
Control of lesions
The mesencephalic lesions were controlled by mea suring the noradrenaline (NA) content in the frontal cortex. NA was determined using liquid chromatography with electrochemical detection (Eriksson and Persson, 1982) . Only animals with a reduction in NA of >95% were included in the study.
The medullary lesions were also controlled by mea suring the NA content of the frontal cortex. Only animals with no significant reduction in NA were included in the study.
In the animals with sham mesencephalic or medullary lesions, the NA content in the frontal cortex was similar to that seen in normal animals.
Experimental SAH model
Under ether anesthesia, homologous blood (0.07 ml) was injected into the cisterna magna via a previously im planted catheter (Delgado et aI., 1985) . The catheter was inserted 3-7 days before the blood injection.
Simultaneous CBF and CMR lu measurements
Determinations of local CB? (LCBF) (Reivich et aI., 1969; Sakurada et a\., 1978; Gjedde et a\., 1980) and local CMRgl U (LCMRglu) (Sokoloff et aI., 1977) were made in the same animal using [ l 4C]iodoantipyrine and [3H]de oxyglucose, respectively, according to the double autora diographic method of Diemer and Rosen�rn (1981) . For technical details see Delgado et a\. (1986) . The animals were anesthetized with 4% halothane, intubated, and then artificially ventilated with a 70% nitrous oxide and a 30% oxygen mixture. During cannulation of both femoral arteries and veins, 0.75% halothane was added to the gas mixture. After completion of the surgery, the halothane was switched off and at least 30 min was allowed to pass before the measurements. The MABP was continuously monitored and blood gases were regularly controlled. The temperature was kept close to 37°C.
[3H]Deoxyglucose (750 fLCi) was infused intravenously in 30 s. Blood samples were taken repeatedly over 45 min for determination of the plasma deoxyglucose integral. Immediately after the last sample 60 fLCi of [ l 4C]iodoanti pyrine dissolved in 0.25 ml 0.9% saline was given intrave nously as a bolus injection. Over 20 s arterial blood was withdrawn using a constant-velocity withdrawal pump for the determination of the [14C]iodoantipyrine integral. At the end of 20 s, the animal was decapitated and the brain frozen for later sectioning.
Brain radioactivity content was measured using auto radiography of 20 fLm sections. Sections for detection of [3H]deoxyglucose content were washed immediately after cutting, 2 x 1 min in 2,2-dimethoxypropane (DMP), which solubilized the iodoantipyrine completely without removing deoxyglucose (Diemer and Rosenorn, 1981; Gjedde and Diemer 1985; Owman and Diemer, 1985) . These sections were placed on 3H-sensitive film (LKB Ultrofilm). The exposure time was 19 days. The neigh boring sections were placed on an x-ray film (Kodak MIN-R) with a protective gelatin coating that absorbed the 3H radiation without affecting the 14C radiation. No penetration of the coating by the 3H radiation was found with this exposure time even when the amount of [3H]de oxyglucose injected was increased three times (T. J. Del gado, unpublished data). Two sets of standards were used: one calibrated for tissue 14C content and one for 3H content in DMP-treated sections. The optical density of the same brain areas on the autoradiograms was mea sured using the Leitz TAS Plus R image analyzer and converted 14C or 3H activity.
The CBF was calculated from the brain tissue 14C ac tivity determined by autoradiography using the equation of Gjedde et al. (1980) :
where fb i is the blood flow per unit mass, CBr (T) is the isotope content, E (T) is the net extraction fraction of the isotope in the time from t = 0 to t = T, t is the variable time, T is the experimental time (20 s), and Ca(t) is the arterial blood concentration of the isotope at time t.
The CMRglu was calculated from the plasma deoxyglu cose integral, the plasma glucose concentration, and the 14C activity in the brain tissue according to Sokoloff et al. (1977) . The value used for the lumped constant (LC) in pre-SAH animals was that determined by Sokoloff et al. (1977) (0.483 ± 0.107; mean ± SD). The LC used for calculating the CMRglu in the low-flow areas in the SAH animals was that calculated previously (Delgado et aI., 1986 ) and found to be 0.61 ± 0.03. Outside the low-flow areas it was 0.48 ± 0.07.
Experimental design
The studies were carried out between 2 and 4 weeks after the stereotaxic lesions.
Lesions q( the ascending CA pathways in the mesen cephalon. LCBF and LCMRg1u studies were performed in five animals not subjected to cisternal blood injection and in five animals 2 days after a SAH.
Lesions of the ascending CA pathways in the medul la ohlongata. LCBF and LCMRg1u studies were carried out in five animals not subjected to cisternal blood injec tion and in five animals 2 days after a SAH.
Sham lesions. LCBF and LCMRg1u studies were per formed in four sham-lesioned animals not subjected to cisternal blood injection. Two of the animals had sham mesencephalic and two had sham medullary lesions. Four similarly sham-lesioned animals were examined 2 days after a cisternal blood injection.
Statistical analysis
The data were evaluated with the Student's t test for two-group comparisons and with the Bonferroni t test for mUltiple comparisons.
RESULTS
The physiological parameters are shown in Ta ble 1. There was no significant change in MABP be tween the experimental groups. The temperature was kept close to 37.0°C. The pH was �7.37, Pao2 around 130 mm Hg, and Paco2 close to 37 mm Hg.
The LCBF values in the sham-Iesioned animals were � 10% lower than the values obtained in normal animals ( Table 2 ). The decrease was signifi cant (p < 0.05) in the frontal cortex. The LCMRglu values in the sham-lesioned animals were similar to the values seen in normal animals. The values for the normal animals are taken from a previous com munication ( Delgado et aI., 1986) .
The CBF and the CMRglu values in animals with mesencephalic or medullary lesions were similar to the values seen in sham-lesioned animals (Tables 2  and 3 ). Also the values in the two lesioned groups were comparable.
Two days after a SAH, there was a decrease in CBF of �2 5% and an increase in deoxyglucose up take of � 30% in the sham-Iesioned animals as com pared with baseline values (Table 4 ). The changes in CBF and CMRglu were significant in 12 of the 17 regions examined. In one of the four sham-lesioned animals, there were foci where the flow was re duced to 30% and the deoxyglucose uptake in creased to �250% of control. The foci were seen in most cortical regions, caudate-putamen, and thal amus. In contrast, in the animals with mesence phalic and medullary lesions subjected to SAH, the global CBF and CMRglu values were similar to the baseline values and none of the animals developed focal changes (Table 5) .
The sham-lesioned animals were drowsy and had reduced food and water intake after the SAH. None of the animals exhibited neurological deficits. The lesioned animals seemed unaffected by the SAH.
DISCUSSION
The present study has demonstrated that le sioning of the ascending CA pathways in the mesencephalon or medulla oblongata prior to a cis ternal blood injection completely prevents the de velopment of the global changes in CBF and CMRglu seen in normal animals or sham-Iesioned animals with a SAH (Delgado et aI., 1986) . Also none of the lesioned animals developed focal changes in flow or metabolism. Normal animals have a global decrease in CBF of �20% together with an increased uptake of deoxyglucose of � 30% at 2 days post SAH. About one-third also have foci with markedly decreased flow (�30% of control) and increased deoxyglucose uptake (�2 50% of control). Similar results were found in the sham-le sioned animals in this study.
The lesions were produced by 6-0HDA. 6-OHDA causes a degeneration of axons from CA containing neurons without destroying the cell body or nerve cells containing other transmitters (Tranzer and Thoenen, 1967; Ungerstedt, 1971) . In jection of 6-0HDA at twice the concentration used in the present study has been found microscopi cally to produce no evidence of neuronal loss or gliosis at the lesion site (Snyder et aI., 1978) . The mesencephalic lesion destroys ascending CA fibers from the locus ceruleus and the Al and A2 nuclei. The locus ceruleus projects mainly to the cortex, hippocampus, and cerebellum and to a minor ex tent to the hypothalamus (Amaral and Sinnamon, 1977) , while the AI and A2 nuclei project predomi nantly to the hypothalamus (Lindvall and Bjork lund, 1983) . Lesioning of the ascending CA pathways in the mesencephalon has been found to cause a reduction in the NA content of the frontal cortex of �95% (lngvar et aI., 1983; Blomqvist et aI., 1984; Svendgaard et aI., 1985) and a red uction in the diencephalon of 87% (Svendgaard et aI., 1985) . Only animals with at least a 95% reduction of NA in the frontal cortex were included in the present study. In a previous communication (Svendgaard et aI., 1985) , lesioning of the as cending CA pathways in the medulla oblongata was shown not to cause a significant reduction of NA in the frontal cortex, while it produced a decrease in NA of �66% in the diencephalon. Animals with medullary lesions included in the present study had no significant reduction in the NA content of the frontal cortex. Values are means ± SEM, n = 4, with numbers in parentheses de noting percentages of pre-subarachnoid hemorrhage values in sham-le sioned animals.
In the animals with mesencephalic or medullary lesions, the CBF and CMRg1u values were similar to those obtained in the sham-Iesioned animals. The minor general reduction in CBF seen in the sham lesioned animals as compared with normal animals could be due to the nonspecific neurotoxic effect of the ascorbic acid contained in the solvent for 6-OHDA (Hill et aI., 1973; Jonsson et al. 1974) .
There are several investigations evaluating the effect of mesencephalic or locus ceruleus lesions on CBF or glucose metabolism. Norberg et al. (1978) using [14C]ethanol in a tissue uptake technique, Dahlgren et al. (1981) using a 133Xe washout method, and Blomqvist et al. (1984) using an auto radiographic technique found that mesencephalic or locus ceruleus lesions in the rat did not cause a significant change in CBF. Bates et al. (1977) found an increase in CBF in cats following bilateral elec trolytic lesions of the locus ceruleus. The con flicting data might be secondary to species differ ences, to difficulties in lesioning the locus ceruleus in the cat where the distribution of the locus ce ruIeus cells is widespread (Amaral and Sinnamon, 1977) , or to the nonspecificity of electrolytic le sions. Schwartz (1978) and Savaki et al. (1983) found that locus ceruleus lesions did not signifi cantly change local glucose metabolism in most brain regions. There are no previous studies inves tigating CBF or CMRg1u after selective lesions of the ascending CA fibers from the Al and A2 nuclei in the medulla oblongata.
The absence of changes in CBF and CMRglu in the lesioned animals 2 days after a cisternal blood injection is in agreement with our earlier data showing that mesencephalic or medullary lesions prior to a SAH prevent the development of angio graphically visible cerebral vasospasm (Svendgaard et aI., 1985) . It was suggested that A I and/or A2 are essential for the development of vasospasm post SAH via their projections to the hypothalamus-pi tuitary. The present communication indicates that these ascending CA projections also are essential for the development of the CBF and CMR g Ju changes seen after a SAH. However, the mecha nism by which the Al and/or A2 are involved in the changes of flow and metabolism after a SAH is un known. Blood in the subarachnoid space could affect sensory nerves on the cerebral vessels or brain tissue. An innervation of cerebral arteries from the trigeminal nerve (Mayberg et aI., 1984; Arbab et aI., 1986) and from the first two spinal ganglia (Arbab et aI., 1986) has been described. The nu cleus tractus solitarius, which contains A2 neurons and is a main center for afferent visceral informa tion, is known to receive afferents from the trigem inal ganglion (Palkovits and Zaborszky, 1977; Jac quin et al., 1982) and also from the second spinal ganglion (T. J. Delgado et al., unpublished observa tion). The afferent information might be relayed via A2 neurons and/or the Al nucleus, which are closely connected to the nucleus tractus solitarius (Loewy et al., 1981) , to effector neurons in dif ferent brain regions. The effector neurons could be located in the parabrachial complex, the raphe nu clei, or the hypothalamus.
The Al and A2 nuclei are known to project to the parabrachial complex (Ricardo and Koh, 1978; Loewy et al., 1981) , which can influence cerebral flow and metabolism (Reis et aI., 1985) . The para brachial nucleus in turn projects to widespread brain regions including hypothalamus and amyg dala (Saper and Loewy, 1980) . Al and A2 also project to the raphe nuclei (Levitt and Moore, 1979) . Raphe neurons not only project to hypothal amus (Azmitia and Segal, 1978; Steinbusch and Nieuwenhuys, 1981) , but probably also innervate the cerebral vessels (Edvinsson et al., 1983; Griffith and Burnstock, 1983) . It is unlikely that the sero toninergic projections from the raphe nuclei are in volved in the CBF and metabolic changes after a SAH, since animals with chemical lesions of the central serotoninergic systems subjected to a SAH still develop flow and metabolic changes (T. J. Del gado et al., unpublished observations). Al and A2 are known to project heavily to multiple hypotha lamic nuclei (Ricardo and Koh, 1978; Lindvall and Bjorklund, 1983) including the paraventricular and the supraoptic nuclei (Sawchenko and Swanson, 1981) . The hypothalamus as the center for coordi nation of autonomic and endocrine responses might be the center involved in the CBF and metabolic changes seen post SAH.
In conclusion our data indicate that blood in the subarachnoid space via a neural mechanism in duces not only the vasospasm but also the changes in flow and metabolism seen after a SAH. Our hy pothesis is that different components of blood at different time points after the SAH could trigger the relay of information to neuronal subgroups within the nucleus tractus solitarius or A2 that project to various target neurons, allowing a differentiated re sponse concerning spasm, flow, and metabolism.
